We evaluate the impact of anthropogenic and natural NOx sources over the contiguous United States on tropospheric NO x and O 3 levels by using a global 3D chemical transport model. The effects of major U.S. surface NO x emission sources (including anthropogenic, biomass burning, and soil emissions) are compared with that of lightning-produced NO x. Summer lightning is shown to play a dominant role in controlling NO x and O3 concentrations in the middle and upper troposphere, despite the fact that fossil-fuel burning represents the largest source of NO x over the U.S. Furthermore, the effect of regional U.S. lightning is propagated through large areas of the Northern Hemisphere by atmospheric circulation. The results reveal that a thorough assessment of atmospheric NO x emission sources and their impact is required to devise control strategies for regional and global air pollution.
We evaluate the impact of anthropogenic and natural NOx sources over the contiguous United States on tropospheric NO x and O 3 levels by using a global 3D chemical transport model. The effects of major U.S. surface NO x emission sources (including anthropogenic, biomass burning, and soil emissions) are compared with that of lightning-produced NO x. Summer lightning is shown to play a dominant role in controlling NO x and O3 concentrations in the middle and upper troposphere, despite the fact that fossil-fuel burning represents the largest source of NO x over the U.S. Furthermore, the effect of regional U.S. lightning is propagated through large areas of the Northern Hemisphere by atmospheric circulation. The results reveal that a thorough assessment of atmospheric NO x emission sources and their impact is required to devise control strategies for regional and global air pollution. N itrogen oxides (NO x ϭ NO ϩ NO 2 ) are atmospheric catalysts that are related to ozone and hydroxyl radicals (1) (2) (3) . The abundance of NO x regulates the atmospheric oxidizing power and global biogeochemical cycles (4, 5) . In the troposphere, NO x is closely related to the ozone chemistry via two separate processes. In regions of high NO x concentrations ozone is produced photochemically in the cycling of NO to NO 2 , which is facilitated by peroxy radicals formed during oxidation of carbon monoxide, methane, and volatile organic compounds, whereas in regions of low NO x concentrations ozone is catalytically destroyed. Nitrogen oxides are also intricately linked to the hydroxyl radical OH, another key atmospheric oxidizing species. The reaction between NO 2 and OH leads to the formation of relatively stable nitric acid HNO 3 , which can be removed from the atmosphere by precipitation and provides fixed nitrogen for the biosphere. Also, because O 3 absorbs strongly the Earth's IR radiation, knowledge of the regional and global NO x distribution is important for climate studies (6) . NO x is emitted into the atmosphere from natural and anthropogenic sources, i.e., from fossil fuel combustion, biomass burning, oxidation of atmospheric ammonia, and lightning (3, 7) . Transport of NO x from the stratosphere and aircraft emissions could also be important sources in the upper troposphere (8, 9) . Over the contiguous U.S., anthropogenic emissions from fossilfuel burning of automobiles, power plants, or industries constitute the main source of NO x , with an estimated production of 7.3 Tg N yr Ϫ1 (1 Tg ϭ 10 12 g) (10, 11) . Other NO x emission sources over the U.S. include biomass burning and soil release, which are about 0.3 and 0.5 Tg N yr
Ϫ1
, respectively (10, 11) . Lightning accounts for Ϸ5% of the total U.S. NO x emissions (0.4 Tg N yr Ϫ1 ) and the lightning emission increases in the summer, reaching Ϸ14% of the total emission in July (7) . Compared with the global NO x emission of 32 Tg N yr attributed to fossil-fuel burning) (10, 11) , the U.S. contributes to a significant fraction of the world's total anthropogenic NO x production.
In this study we assess the impacts of anthropogenic and natural NO x sources over the continental United States on tropospheric chemistry by using a 3D global numerical model, Model of Ozone and Related Chemical Tracers (MOZART, version 2) (12). The tropospheric budgets of NO x and O 3 are analyzed to determine the relative contributions of the various NO x sources over the U.S.
Methods
The meteorological data for MOZART is produced from the output of the National Center for Atmospheric Research community climate model (12) . MOZART accounts for advection, convection, cloud formation, diffusive exchanges, gas phase and heterogeneous chemistry, photochemical transformations, wet deposition, and dry deposition processes. MOZART includes biogenic emissions of chemicals such as isoprene, carbon monoxide emissions from the ocean surface, and aircraft emissions of NO x . The global and U.S. NO x surface emissions (i.e., from anthropogenic activity, biomass burning, and soil release) are taken from recent compilations by Olivier and colleagues (10, 11) . NO x production by lightning over the U.S. is based on ground-and satellite-based lightning measurements (7) . Monthly cloud-to-ground (CG) f lashes are obtained by averaging the National Lightning Detection Network (NLDN) data over the 5-year period 1995-1999, and intracloud (IC) f lashes are obtained from the observed geographical distribution of the IC͞CG ratio based on NLDN and satellite optical transient detector (OTD) measurements. The IC and CG f lashes are distinguished according to the procedure described in refs. 7, 13, and 14. IC f lashes are believed to have significantly lower energies than CG f lashes and hence have a lower NO x production efficiency (15) . Lightning production outside the U.S. is based on parameterization developed by Price et al. (15) and satellite observation from OTD (13) . The annual production of NO x by lightning used in this study are 0.4 and 7.0 Tg N yr Ϫ1 over the U.S. and the whole globe, respectively. Lightning-produced NO x is distributed uniformly within the vertical extent of the convective clouds. The distributions of lightning-produced NO x are slightly extrapolated to coincide with the modeled convective cloud distributions. The uncertainty of NO x production by lightning has been evaluated in our previous studies (7).
Results and Discussion
To assess the importance of the various NO x sources over the U.S. on tropospheric chemistry, we simulate the concentrations of NO x and O 3 by using MOZART. Three model runs are considered: (i) with both lightning and surface (including anthropogenic, biomass burning, and soil release) emission sources of NO x , (ii) without the lightning source, and (iii) without the surface emission sources within the boundaries of the continental U.S. Fig. 1 illustrates the zonally averaged percentage changes in NO x and O 3 concentrations in July calculated because of lightning or surface emission sources. The lightning impact is determined by subtracting the concentrations derived by model run ii from those of model run i (Fig. 1 Upper) . Similarly, the surface emission impact is evaluated by using the results from the difference of model Abbreviations: CG, cloud-to-ground; IC, intracloud. † To whom correspondence should be addressed. E-mail: zhang@ariel.met.tamu.edu.
runs iii and i (Fig. 1 Lower) . Lightning has a significant impact on the concentration of NO x in the middle and upper troposphere. Between 5 and 15 km inclusion of lightning NO x production leads to a change of Ͼ90% in the NO x concentration between 30°and 40°N. The model results also indicate that the impact of U.S. lightning is propagated throughout the Northern Hemisphere and into the Southern Hemisphere. A change of Ͼ60% in the NO x concentration occurs at 10 -12 km near the equator, and a change of Ͼ30% extends as far as 10°S at 12 km. On the other hand, the impact of the U.S. surface NO x sources is important only in the lower troposphere (Ͻ5 km). In July lightning also strongly affects upper tropospheric O 3 , resulting in a change of 30% or more in the ozone concentration from 4 to 12 km within 30 -40°N. An area of Ͼ20% changes extends across the equator at 10 km. As is the case with NO x , the inf luence of surface NO x sources on O 3 is limited primarily at lower levels.
To quantify the relative importance of lightning and surface NO x emissions over the U.S., monthly budget analyses are performed by computing the column mass-weighted percentage changes in concentrations of NO x and O 3 , depicted in Fig.  2 . The summations are calculated for the latitudinal and longitudinal domain of the continental U.S. over three altitude ranges: 0 -5 km (lower troposphere), 5-10 km (upper troposphere), and 0 -10 km (entire troposphere). In the lower troposphere, contribution of lightning to the NO x budget peaks at Ϸ20% in the summer months and diminishes in the winter; throughout the year anthropogenic emissions dominate the NO x budget. In the upper troposphere, however, the lightning impact is significant in the spring, summer, and fall, i.e., Ͼ50% from April to November and Ϸ90% in July and August. In July and August, the entire tropospheric NO x budget is nearly equally contributed by lightning and surface sources. In the O 3 analysis, the inf luence of lightning is at least equal to that of surface emissions from June to November and is twice as large from July to September in the upper troposphere. The largest lightning impact on the upper tropospheric O 3 budget reaches Ϸ30% in August. Below 5 km O 3 production is dominated by surface NO x emissions, with the lightning contribution reaching 20% in August. Over the entire troposphere, lightning and surface NO x emissions account for comparable O 3 production in July and August. Note that, in addition to ozone production caused by NO x , transport and chemical processing also strongly affect tropospheric O 3 , including stratospheric injection, horizontal advection, and in situ chemical production͞destruction.
The horizontal extent of inf luence exerted by U.S. lightning is depicted in Fig. 3 , showing the percentage changes in NO x (Right) and O 3 (Left) concentrations at the 250-mbar level averaged for the month of July. At this level, NO x concentrations over the U.S. and other large areas of the Northern Hemisphere are noticeably controlled by lightning. An area of 25-60% inf luence extends across Europe and into Asia. U.S. lightning also has a significant inf luence on O 3 concentrations for much of the Northern Hemisphere. There is 25-40% inf luence on the O 3 concentrations over the entire Gulf of Mexico and a large area of the Atlantic Ocean east of the U.S. Inf luence of at least 20% extends across the Atlantic Ocean into Europe.
The dominance of lightning in controlling summertime NO x and O 3 in the middle and upper troposphere is unexpected, considering the fact that lightning accounts for only a small fraction of the total NO x emission over the U.S (7). The main difference between lightning and surface NO x sources lies in the vertical distribution of the emissions. Lightning consists of both CG and IC f lashes: a typical CG f lash extends vertically up to 8 km, whereas a representative IC f lash occurs at Ϸ6 -10 km (16) . Hence lightning directly deposits NO x in the free troposphere. In contrast, NO x emissions from anthropogenic activity, biomass burning, and soil are released within the atmospheric planetary boundary layer (PBL). Because the lifetime of NO x varies considerably with altitude, being only a few hours near the PBL and up to a few days in the upper troposphere (17, 18) , NO x emitted directly in the mid and upper troposphere is more efficient in inf luencing NO x and producing ozone in that region. In addition, emissions of lightning and surface NO x sources are seasonally and geographically different. Lightning occurs primarily in the southeast portion of the U.S. in the summer, whereas anthropogenic NO x is emitted in many urban areas throughout the country and the year. Surface NO x emissions do not always coincide with the convective process. Our model calculations indicate that surface NO x emissions indeed contribute to the NO x and O 3 budgets in the upper troposphere (Fig. 3) , consistent with the notion that convection associated with thunderstorms transports chemical compounds from the polluted PBL (19) . However, such a process may experience a significant dilution with ambient air before reaching the mid or upper cloud region (20) . Field and satellite observations show that near mature convective storms in the subtropical and mid-latitude regions lightning is primarily responsible for a significant NO x enhancement in the upper troposphere (21) (22) (23) .
Several field campaigns in North America measured the concentrations of NO, NO x , and O 3 (24) . The field campaigns considered in the present study cover the following spatial and temporal ranges: Elchem, July 27-August 
Conclusions
In this article we have assessed the impact of anthropogenic and natural NO x sources over the contiguous U.S. on tropospheric NO x and O 3 levels by using a global 3D chemical transport model. The results provide a quantitative assessment of the impacts of regional lightning over the U.S. on tropospheric chemistry, unambiguously establishing that summer lightning over the U.S. plays a surprising role in controlling NO x and O 3 concentrations in the middle and upper troposphere. There have been intensive debates on NO x emissions and control regulations among the scientific and industrial communities and at the political decision-making level (Intergovernmental Panel on Climate Change, Summary for Policymakers by Working Group 1, www.ipcc.ch). A reduction in fossil-fuel combustion leads to a 50°N and 75-125°W ). In the NO x panels, green columns represent lightning emission and orange columns represent the surface emissions (i.e., anthropogenic, biomass burning, and soil). In the O 3 panels, the lightning case is shown in blue and the surface emission case is in red. Months are shown on the x axis with 1 denoting January and 12 denoting December. The troposphere panels correspond to the altitudes between 0 and 10 km.
lesser amount of tropospheric ozone precursors and can be essential to abate urban air pollution. In particular, the U.S. produces a significant fraction of the world anthropogenic NO x emission (Ϸ33%). Our model calculations confirm that fossilfuel combustion over the U.S. contributes overwhelmingly to the NO x budget and exacerbates O 3 formation in the lower troposphere. On the other hand, the results reveal that summer lightning over the U.S. dominates the NO x budget in the middle and upper troposphere and strongly affects regional and global O 3 production. Hence a comprehensive assessment of the atmospheric NO x emission sources and their impact is required to devise control strategies for regional and global air pollution. Furthermore, there is now increasing evidence that cloud electrification is inadvertently modified because of urbanization and air pollution (25) , leading to significantly more lightning flashes. Such enhanced lightning could exert profound effects on the tropospheric oxidizing power, global biogeochemical cycles, and the climate. 
